In the present work, the effects of nanosecond pulsed laser irradiation on oxidised metallic surfaces were investigated, in order to estimate the possibility ofusing laser techniques for cleaning applications. After oxidation, the oxide layer developed on the metallic surfaces depends on the composition of the substrate and also on oxidation conditions. In this study a modelling system: pure Fe oxidised at 500°C, has been investigated. The influence ofthe optical properties ofthe oxide films on the removal mechanisms and the cleaning efficiency ofthe laser technique was illustrated by performing specific electrochemical treatments.
INTRODUCTION
In recent years, an increasing interest on the use of laser inadiation for surface cleaning is observed. Compared to the conventional methods of surface cleaning, laser technique, -especially, when combined with an optical fibre [1] ,-offers significant advantages, such as: localised treatment, remote application (from distance), suitable for treatment of pieces of complicated geometry, etc. However, the vast advance in laser technology, the often obscure interaction between photons and material, as well as the need for the removal of a thin layer without affecting the underlying material, complicate the choice of the appropriate laser source (solid-or gas-state laser, wavelength) and the operational parameters (energy density, continuous! pulsed mode, speed! pulse duration, etc).
Despite the above mentioned problems, the relatively recent technique of laser cleaning has already found successful application in many domains:
• in microelectronics, for the removal of adherent particles from semiconductors [2, 3] , • in aerospace industry, for the removal of paint from aircraft [4] , • in art conservation, for the removal of varnish, overpaints or corrosion layers from a great variety of materials, such as wood, stone, etc [5, 6] . The aim of this study, was to understand the role of the optical properties of the contaminant layer on the laser cleaning of an oxidised surface. Using a modelling system it will be demonstrated that electrolytical hydrogen charging of the iron oxide layer is responsible for change in optical properties of the iron oxide that makes possible its removal.
EXPERIMENTAL
Pure iron (99.8%) substrates were polished with 1 im diamond powder and rinsed in an ultrasonic bath of alcohol and acetone. Then they were placed in a furnace at 500°C and i0 mbar residual pressure during 5h. After that they were oxidised at 500°C, for 48h with an air residual pressure of 10 mbar. A Fe304 surface layer with a thickness of 1000 nm 100 nm was obtained. The cleaning has been made in three different conditions, in air for reference, without and with electrochemical control. The irradiation was performed by means of a Nd:YAG laser (X=532nm I 'r=7 ns, FWHM or 2=lO64 nm I t14 ns, FWHM).
Each irradiated area received several laser pulses. Pulse energy densities in the 380 -700 mJ/cm2 ranges were used to irradiate the sample. For the experiment with electrochemical control, the samples were placed in an electrochemical cell. The electrolyte used, was a solution ofH3BO3 (0.05 M) and Na2B4O7, 10 H20 (0.075 M) at pH=9.2. A cathodic polarisation (V -1.5 V I SCE) was applied from 1 to 40 minutes. The optical study has been made by a spectrometer (Polytec) in combination with a microscope. The wavelengths used were between 450 -900 nm. Before and after the laser irradiation the samples were characterised by X-ray reflectometry, Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and laser profilometry. RAMAN spectroscopy was employed to characterise the structural changes induced by the cathodic potential applied before laser exposure. A particular interest was the removal mechanism and the reversibility of the change induced in the oxide layer after applying the potential.
RESULTS
In the case of specimens irradiated in air or in basic aqueous solution without previous polarisation, their laser treatment resulted in the melting of the oxide layer, but not its removal (Figure 1 ). In the case specimens irradiated in basic aqueous solution after their cathodic polarisation, laser treatment induced the removal of the oxide layer without melting ( Figure  2 ). 
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The optical properties of the surface layer were determined by optical spectrometry at normal incidence, for wavelengths in the range of 450-1 100 nm. In order to quantify the changes of the refractive index due to the electrochemical control imposed, a theoretical model permitting the calculation of the real and imaginary part of refractive index of the oxide layer was developed [7] .
These theoretical considerations allow to determine the optical properties (n, k) of the oxide layer after 40 minutes of an electrochemical control as function of the wavelength. The real part is not largely modified (10%), but the imaginary part is reduced by a factor 10 leading to an important increase of the optical absorption length (Figure 3) . The reason for this huge change of k is not clear at this moment. A possible explanation assumes that diffusion of atomic hydrogen into the oxide takes place, and is trapped in the oxide film. In order to determine whether these modifications are chemical and/or structural in nature, we performed RAMAN analysis. Figure 4 shows the RAMAN spectra obtained for the as-grown oxide layer without any treatment, after immersion in the borate solution before and after applying the cathodic potential and in air several hours after the electrochemical treatment. The RAMAN spectra of the oxide layer in air prior to any treatment exhibits an intense and well resolved peak at 675 cm1 related to Fe304 which is the major component ofthe layer, proving that we are dealing with a well crystallised oxide. In the borate solution without applying the cathodic potential neither position, nor intensity of the Fe304 peak are modified.
One can note however that the background signal increases with increasing frequency due to the electrolyte. After the electrochemical treatment (i.e., -1.5 V/SCE during 40 mm.), it can be seen the peak related to Fe304 cannot be detected (Figure 4c ). In contrast, the RAMAN analysis of the same sample let in air during few hours shows that the layer has returned to its initial structure, proving that the process is reversible. These observations confirmed that the hydrogen formation results from the value of the applied cathodic potential that is in the domain of water electrolysis for which H ions are reduced in atomic hydrogen which diffuses and affects the optical properties of the oxide layer. The reason for the differences in the cleaning process confirmed previous results [8] : before polarisation the laser pulses energy is deposited at the surface layer and the oxide is melted. After polarisation, the energy is deposited in the volume of the oxide layer which leads to a complete removal of the oxide. This results in a complete change of the laser mechanism for removal which can be summarised as follows:
. In absence of polarisation, the film is absorbent and the optical penetration of the beam can be calculated to be lIc.t7O nm leading to the localised absorption ofthe laser energy at the outer interface oxide-electrolyte. In this case the oxide film is melted and not completely removed by only one shot. S After cathodic polarisation, the laser beam penetration becomes l/a'9OO nm which is close to the thickness of the oxide layer. In this case a significant part of the incident light heat the iron substrate that could induce a thermoelastic deformation of the metallic substrate leading to the spallation of the film following the mechanism described for other transparent oxide films [9] . In this case there is a de-bonding of the oxide film from the metallic substrate which can be cleaned without any kind of mechanical damage as shown in Figure 2b .
CONCLUSION
The effect of an electrochemical treatment on the efficiency of the laser removal of an oxide film has been demonstrated. The cathodic polarisation is responsible for a large increase of the optical penetration of the laser beam leading to a thermoelastic deformation of the metallic substrate which induce the mechanical debonding of the oxide film without any kind of damage to the metallic substrate. This study illustrate the basic role of the optical properties of the layer to be removed upon the laser cleaning mechanisms.
